The small heat shock proteins (sHsps/Hsp20s) are the molecular chaperones that maintain proper folding, trafficking and disaggregation of proteins under diverse abiotic stress conditions. In the present investigation, a genome-wide scan revealed the presence of a total of 47 sHsps in Sorghum bicolor (SbsHsps), distributed across 10 subfamilies, the major subfamily being P (plastid) group with 17 genes. Chromosomes 1 and 3 appear as the hot spot regions for SbsHsps, and majority of them were found acidic, hydrophilic, unstable and intron less. Interestingly, promoter analysis indicated that they are associated with both biotic and abiotic stresses, as well as plant development. Sorghum sHsps exhibited 15 paralogous and 20 orthologous duplications. Expression analysis of 15 genes selected from different subfamilies showed high transcript levels in roots and leaves implying that they are likely to participate in the developmental processes. SbsHsp genes were highly induced by diverse abiotic stresses inferring their critical role in mediating the environmental stress responses. Gene expression data revealed that SbsHsp-02 is a candidate gene expressed in all the tissues under varied stress conditions tested. Our results contribute to the understanding of the complexity of SbsHsp genes and help to analyse them further for functional validation.
Introduction
Plant vigour and crop yields are markedly influenced by abiotic stresses [1] throughout the world. Abiotic stresses pose a challenge for sustainable food production, as they reduce the yield potential by~70% in crop plants [2] . Environmental stresses cause changes in gene regulation, and biochemical activities leading to considerable reduction in the final productivity [3] . Plants have evolved a widespectrum of molecular programs that help them to cope with the changing environments. Mittler et al. [4] pointed out that heat stress response is highly conserved among plants and associates with many pathways and regulatory networks. Different types of abiotic stresses induce small heat shock proteins (sHsps/ which are implicated in preventing or in repairing the misfolded and truncated proteins due to changing environments and thus confer tolerance as pointed out by Chang et al. [5] , and Guo et al. [6] . The 'small', in small heat shock proteins refers to their monomeric size, from 12 to 42 kDa. But, McHaourab et al. [7] showed that many sHsps form large oligomers of 40-50 subunits, compared to some intensively studied chaperones like that of Hsp60 and Hsp70 families. At the same time, the mechanism of these sHsps in protecting the proteins is still poorly understood [8] . This is mainly attributed to their enormous diversity and heterogeneity, not only in their oligomeric structure but also substrate binding, thus, making their study extremely challenging [9] .
Based on their cellular localization, sequence homology and function, Vierling [10] , Waters et al. [11] divided plant Hsp20s into various subgroups. Evolutionarily, sHsps are a super family of proteins of an ancient period [12] , which is reflected by their universal presence [13] . They are strongly induced under heat stress, hence their name, but many sHsps are constitutively expressed in all kinds of cell types and abiotic stresses [14] . Hsp20s share a conserved modular structure and the most striking feature is the presence of a core conserved a-crystallin domain (ACD) containing 90 amino acids flanked by a variable N-terminal domain and a C-terminal extension [15] . The ACD is involved in substrate interactions, the N-terminus is responsible for substrate binding while the C-terminus participates in homo-oligomerization and results in the formation of heat shock (HS) granule [16, 17] . Bondino et al. [18] , Haslbeck and Vierling [19] showed that ACD is composed of two anti-parallel sheets of four and three b-strands; the conserved region I (CRI, b2-b3-b4-b5) in N-terminal domain and conserved region II (CRII, b7-b8-b9) at C-terminal domain, connected by hydrophobic b6-loop. Besides, Basha et al. [20] showed that the N-terminus contains the transit, target or signal sequences, while the C-terminus contains organelle-specific retention of amino acid motifs. Based on sequence homology, cellular compartmentation and immunological properties, sHsps are divided into 11 different classes; 6 cytoplasmic from I to VI and the remaining 5 located in organelles like mitochondria, chloroplasts, peroxisomes and endoplasmic reticulum [21] .
Overexpression of heat and osmotic stress induced AtHSP17.6A gene during seedling stage conferred increased tolerance against salt and drought stresses in Arabidopsis [22] . Similarly, overexpression of chloroplast sHSP21 gene exhibited enhanced tolerance against heat and high light stresses in transgenic Arabidopsis [23] . Overexpression of heterologous rice CI-sHSP16.9 gene evinced increased thermotolerance in E. coli cells [24] ; and CI-sHsp17.7 gene displayed resistance against heat, drought and UV-B radiations [25, 26] . Similarly, DcHsp-17.7 gene overexpression exhibited tolerance against salt stress in E. coli [27] . The expression of RcHSP17.8 gene conferred the resistance against a variety of stresses in E. coli, yeast and Arabidopsis [28] . Genome-wide analysis may help us in finding out the total number of sHsps that exist in S. bicolor and their expression under varied abiotic stress conditions in different tissues. Such an analysis revealed the presence of 19 Hsp20s in Arabidopsis thaliana [15] , 23 in Oryza sativa, and 36 in Populus trichocarpa [29, 30] , 51 in Glycine max [31] . Reddy et al., reported 20 in Hordeum vulgare but recently Li et al., reported 36 [32, 33] in the same plant. In Capsicum 35 [34] , 37 in Setaria italica [35] , 42 in Lycopersicon esculentum [36] , 63 in Panicum virgatum [37] , 163 in wheat [38] , and 48 in potato [39] .
S. bicolor, the fifth most important and dry-land cereal, the best C 4 model crop (African origin), provides food, fodder, feed and also fuel. Taxonomically, Sorghum belongs to the family Poaceae (grasses) and the tribe Andropogoneae. Due to its genetic diversity, smaller genome size with lesser complexity, bio-energy traits, and remarkable tolerance to drought and high temperature stress, S. bicolor is considered as a model crop for studying the abiotic stress tolerance compared to several other important cereals. No reports are available on the number and tissue specific expressions of sHsps under different abiotic stress conditions in S. bicolor. Hence, the present investigation is initiated in Sorghum with an aim to find out the number, class, distribution, motifs, promoters, phosphorylation sites and the structure besides their tissue specific expression profiles under diverse abiotic stresses and their evolutionary relationships.
Materials and methods

In silico identification of sHsps in S. bicolor
In silico search was made for sHsp gene sequences of Arabidopsis, and Oryza in NCBI database followed by blasting against S. bicolor genome in Gramene database (http://www.gramene.org/) [40] .
Later, their respective coding sequences (CDS) and corresponding protein sequences were retrieved by employing Edit plus (http:// www.editplus.com/) and Genscan (http://genes.mit.edu/GEN-SCAN.html) [41] programs. Based on their homology, nucleotide and protein sequences were identified and these putative protein sequences were subjected to SMART program (http://smart.emblheidelberg.de/) and Pfam domain using HMMSCAN (http://www. ebi.ac.uk/Tools/hmmer/search/hmmscan) to identify their conserved domains [42] , and validated to check the reliability by employing MOTIF search tool (http://www.genome.jp/tools/motif/). Proteins which failed to exhibit the reliability were eliminated.
Structure and sequence analysis of sHsps
Physical chromosomal map of identified sHsp genes was generated based on the information provided by the Gramene Genome Database (http://www.gramene.org/) [40] . The structure of the identified sHsp genes; exons, introns and untranslated sequence regions (UTRs) were identified based on the alignments of coding sequences with their corresponding gene sequences using Gene Structure Display Server (http://gsds.cbi.pku.edu.cn) software [43] . The GC content of sHsps was calculated by employing END-MEMO software (http://www.endmemo.com/bio/gcdraw.php). The sHsp protein molecular weights (MW), isoelectric points (pI), instability and aromatic indexes, GRAVY (grand average of hydropathy), glycine, proline, and threonine contents were recorded by ProtParam software of Expasy tools (http://web.expasy.org/protparam/) [44] . The net charges of peptides were calculated by employing pepcalc.com of INNOVAGEN software (https:// pepcalc.com/). The phosphorylation sites were predicted by employing NetPhosK3 software of Expasy tools [45] . The putative transmembrane helices were predicted by TMHMM server [46] and their sub-cellular localizations by employing Wolfpsort program (http://wolfpsort.org/) [47] . The Multiple Em for Motif Elicitation (MEME) software (http://meme-suite.org/) was used by setting different default parameters, and it helped to identify the new sequence patterns and their significance in sHsp proteins, by 1-10 motifs with a width of 5-50 amino acids, each containing 5-10 conserved motif sites [48] .
In silico prediction of potential cis-regulatory elements, miRNA targets and phylogenetic analysis
After extracting 2000 bp upstream genomic sequences of start codons of sHsp genes from Sorghum genome sequence, the putative cis-regulatory elements in the promoter regions were identified by employing PLACE [49] and PLANTCARE [50] software programs. The psRNATarget server was used to screen the putative miRNAs targeting the sHsps [51] . Protein-protein interaction of sHsps was generated by employing the STRING database (https://string-db. org/) [52] . The Maximum Likelihood (ML) phylogenetic tree for sHsp sequences were constructed for Sorghum separately and the second one for Sorghum with Oryza (a monocot ancestor) and Arabidopsis (a dicot ancestor), to know the gene duplications and evolutionary relationships by employing MEGA 6.2 software with defined parameters; using Jones-Taylor-Thomton (JTT) model, Nearest-Neighbor-Interchange (NNI), ML Heuristic Method, with a bootstrap value of 1000 replicates for statistical reliability [53] .
Estimation of non-synonymous and synonymous substitution rates of sHsp genes
The PAL2NAL (http://www.bork.embl.de/pal2nal/) [54] software was used to calculate the substitution rates for non-synonymous and synonymous sites of each of the identified paralogs (Sorghum) and orthologous gene pairs (between Sorghum/ Oryza, and Sorghum/Arabidopsis) from phylogeny.
Digital expression profiling of SbsHsp genes
In order to perform the digital expression profiling of identified SbsHsp genes, Affymetrix whole-transcriptome sorghum array data was accessed through SorghumFDB (http://structuralbiology.cau. edu.cn/sorghum/index.html) [55] . Genevestigator (https://genevestigator.com/gv/) [56] is an integrated platform containing a great variety of precise and defined validated experiments that allow to decipher the expression profiles of genes subjected to environmental stress conditions. In the present study, we utilized this tool to perform the microarray analysis for SbsHsp genes under drought, salt, heat and cold with different samples stored in the platform. The expression profiles of SbsHsp genes extracted from sorghum array was used for cluster analysis. Further, a heat map of expression profiling was generated by utilizing hierarchical clustering tool [57] of Genevestigator platform.
Plant material
Forty-day-old seedlings of Sorghum bicolor variety BTx623, grown in pots under glasshouse conditions were subjected to drought stress by subjecting them to 150 mM mannitol for 4 h; salinity stress by saturating the seedlings with 1 L of 150 mM NaCl solution for 4 h, heat stress by exposing to a high temperature of 40°C in a growth chamber for 4 h, cold stress by subjecting them in a refrigerator at 4°C temperature for 4 h. Triplicates were maintained for each treatment alongside the controls. After subjecting the seedlings to different types of abiotic stresses, different parts like roots, stems, and leaves along with respective controls, were collected separately, frozen immediately in liquid nitrogen and stored at À80°C refrigerator until further use.
Isolation of total RNA and qRT-PCR analysis
Total RNA was extracted from the tissues by using nucleo spin plant RNA isolation kit (MACHEREY-NAGEL) following the manufacturer's instructions. The first strand cDNA was synthesized from total RNA (3 mg concentration) using first strand synthesis kit (Thermo Scientific). By using NCBI PRIMER Blast (www.ncbi.nlm. nih.gov/tools/primer-blast/) [58] with the default parameters: 57-60°C annealing temperature, 18-22 bp primer length, 50-55% GC contents, and 80-140 bp amplicon length, the gene specific primers were designed (Table S1 ). The SYBR Green Master Mix (2X) (Takara) was used according to the manufacturer's recommendations. The qRT-PCR analysis was carried out in Mx3000p (Agilent) with the following thermal cycles: 1 cycle at 95°C for 10 min, followed by 40 cycles alternatively at 95°C for 15 sec and 60°C for 1 min. The amplicon dissociation curves were recorded with a fluorescence lamp after 40th cycle by heating from 58 to 95°C within 20 min. The SbAc-p2 (Acyl Carrier Protein 2) and SbEF-P (Elongation Factor P) genes were used as internal controls [59] . All the experiments were carried out thrice with three biological replicates. The average values are represented and relative gene expressions calculated by employing Rest software [60] .
Results
In silico identification of SbHsp20 genes
The systematic genome-wide analysis of sorghum showed a total of 51 SbHsp20 genes. After checking their reliability for acrystalline domains (ACD) by employing SMART, 4 of them were excluded because of the absence of ACD, thus resulting in a total of 47 confirmed sHsps. In the SbsHsp members, the number of conserved domains (pfam) ranged from a minimum of one to the highest number of 9 in SbsHsp-01 (Table S2 ). The top domains appearing in sHsps were HSP20, ArsA_HSP20, BON, CS, and DUF domains which play important roles in diverse stress tolerance mechanisms.
Based on their class and chromosomal locations, the genes were named as SbsHsp-01 to SbsHsp-47 for convenience. The name of the gene, common name, chromosomal location, number of amino acids, class, DBDs, number of exons, molecular weight, isoelectric point (pI), subcellular localization, GRAVY, instability index and aliphatic index are listed in Table 1 . Based on the subcellular localizations, they were classified into 10 subgroups. In one of the subfamilies, 17 genes were noticed, and this major subgroup localized in the chloroplast (Table 1 ).
Chromosomal localization and structure of SbHsp20 genes
The predicted SbHsp20 genes were randomly distributed across 10 chromosomes. A maximum number of 12 genes were located on chromosome 1, 11 on 3rd chromosome, 7 on 4th chromosome, 6 on 10th chromosome, 3 on 2nd chromosome, 2 each on 5th and 9th chromosomes respectively, 1 each on 6, 7, and 8th chromosomes ( Fig. 1 and Table 1 ). The structure of introns/exons along with UTRs of SbHsp20 genes were determined by aligning genomic and full-length cDNA sequences employing GSDS software ( Fig. 2) . Among the 47 genes, 22 (46.80%) were found intronless, while 19 (40.42%) contained one intron. Four genes (8.51%) showed two, SbsHsp-34 contained 3 and SbsHsp-43 contained the highest number of 4 introns. Majority of the class-I and II groups were found to be intronless while the dominating plastid subgroup contained at least one intron ( Table 1 and Fig. 2 ).
Analysis of SbHsp20 proteins
The lengths of the SbsHsp proteins varied from 131 (SbsHsp-08) to 546 (SbsHsp-19) amino acids. The molecular weights ranged from 13465 (SbsHsp-08) to 59839.2 Da (SbsHsp-19). A total of 31 proteins (65%) were found acidic in nature and the isoelectric points varied between 4.47 (SbsHsp-08) and 11.65 (SbsHsp-43). Majority of the identified SbsHsp20 proteins, except SbsHsp-07, 08 and 26 were hydrophilic in nature, while the GRAVY values ranged between À0.925 (SbsHsp-15) and 0.151 (SbsHsp-08). The aliphatic indices varied between 93.04 (SbsHsp-27) and . A total of 74.46% (35 out of 47) proteins were unstable, while the instability index varied from 30.83 (SbsHsp-38) to 67.89 (SbsHsp-34). Out of the 12 stable proteins, the major plastid subgroup contained 5, followed by class-II with 3, class-VI with 2 and one each in class-III and M ( Table 1 ). The content of glycine ranged between 3.8% (Sb01g025960) and 15.5% (Sb10g0711300), while proline 2.3% (Sb10g007580) and 17.3% (Sb08g022220). On the other hand, threonine content ranged from 1.4% (Sb04g027330) to 11.5% (Sb03g026330). No significant difference was observed in percentages of glycine, proline and threonine. The net charges of SbHsps varied from À14.9 (Sb10g007570) to 26.2 (Sb10g0711300) ( Table S3 ). The gene sequence analysis for GC content has not exhibited any significant differences, all of them contain high GC content, ranging from 54.1 (Sb03g006020) -75.8 (Sb02g004080) ( Table S3 ). Of the 47 sHsps, only 8 (SbHsp-09, 10, 28, 34, 41, 42, 44, and 47) contain the single transmembrane helices.
The SbsHsps were phosphorylated at serine and threonine residues, with the major class-IV phosphorylated at tyrosine also. The PKC, CKII, RSK, unsp, CKI, PKG, and cdc2 are the common kinases detected for the phosphorylation of SbsHsp proteins (Table S4 ). By employing the MEME software, 10 conserved motifs were identified in SbHsp20 protein family. The lengths of these conserved motifs varied from 2 to 47 amino acids. Among the 10 motifs, motifs 1 and 2 appeared in all SbHsp20 proteins, except in SbsHsp35. The motif 1 was detected at the C-terminal region, while motif 4 appeared in the N-terminus. Based on the analysis, the motifs 1, 2, 3, 4, 5, and 9 appeared to code for conserved ACD (acrystallin domain) /HSP20/ArsA_HSP20 domain which is important for structural and biological function of sHsps. The motif 7, lysinerich motif located at the C-terminus in some proteins, is important as a nuclear localization signal. Motifs 2, 4, 5, and 10 code for conserved region I (CR-I), while motifs 1 and 3 represent the conserved region II (CR-II). Similar motif distributions were observed in the same subgroups. The number, type and distribution of motifs have been found different in different subgroups of sHsps in Sorghum (Figs. 3 and S1).
Analysis of stress-responsive cis-acting elements in SbHsp20 promoters
The analysis of stress-responsive cis-elements in SbHsp20 genes by PLANTCARE revealed their response to different stress conditions; both abiotic and biotic stresses besides the developmental stage specific response. Eight abiotic stress-response elements; DRE, DPBF, MYB, MYC, HSE, LTRE, GT1GM and etiolationresponsive, were detected in majority of SbsHsp gene promoter regions. Further, these promoter regions also exhibited the presence of abscisic acid (ABA), gibberellic acid, ethylene and methyljasmonic acid-responsive elements, ABA being the most dominating one. Majority of these genes showed the presence of at least one stress-responsive cis-element. Besides abiotic, the SbsHsp genes also showed the biotic stress-responsive elements such as WBOX, the pollen and endosperm-responsive, lightresponsive, I-Box, and GATA BOX elements. The plastid group Table 1 Hsp20 genes identified in Sorghum bicolor along with their chromosomal location, physico-chemical properties, number of exons, and sub cellular localizations.
Gene
Common SbsHsps contained a maximum number HSEs, indicating their potential role in response to heat/temperature stress while the remaining have at least one HSE with an exception of SbsHsp-24 that does not contain any HSEs (Fig. S2 and Table S5 ).
Protein-protein interactions and in silico prediction of miRNA targeting sites
The protein-protein interaction network map of SbsHsps was constructed using STRING software (Fig. S3 ). The network illustrates that the Hsp20s are involved in protein processing in the endoplasmic reticulum, spliceosomal and endocytosis pathways. They are also involved in biosynthesis of secondary metabolites, carotenoids, steroids and participate in pyruvate, glyoxalate, cysteine and methionine metabolism and oxidative phosphorylation. The map exhibited interaction between the Hsp20 family of proteins, Clp, Hsp70, Dna-J, AAA domains, histidine kinases, lactate/malate dehydrogenase, late embryogenesis abundant proteins, FAD binding proteins, methyltransferases and nucleoside triphosphate hydrolase proteins, indicating that they might participate in stress tolerance mechanism by interacting with other stress proteins.
The miRNAs and their target sites in Hsp20s were identified by employing psRNA Target Server. The analyses revealed a total of 25 different miRNAs, which are targeting 36 of the 47 Hsp20s. The highest number of miRNAs (23) are targeting SbsHsp45, while 15 SbsHsp43, and 14 SbsHsp1. The sbi-miR5565, sbi-miR167, sbi-miR171, sbi-miR6230, sbi-miR164, sbi-miR6230 and sbi-miR5568 are the most common miRNAs which are targeting SbHsp20 genes and may participate in cleavage and translational events (Table S6 ).
Phylogenetic analysis of sHsp-20s
The ML phylogenetic tree of sHsp20 proteins of S. bicolor constructed by employing MEGA 6.2 software, showed 2 clades, the first with 11 proteins, and the second with 36 proteins. These clades were subdivided into 11 subgroups. Out of them, 10 subclasses with 47 SbsHsp proteins were grouped into 1 clade (Fig. 4a ), but, 8, 9, 10, 11, 12, 15, 16, 20, 21, 34, 40, 41, 43, 44 and 46 proteins of the 10 classified subgroups were not clustered with their respective classes. Interestingly, class-II group is clustered with M (SbsHSP 08/46 and 15/43), class-VIII (SbsHsp-10/44), and SbsHsp41 (G subclass), while class VI (SbsHSP 19/29 and 21/38) clustered with plastid subgroup. These results indicate the evolution of M, G and VIII subgroups from class-II and VI from plastid. In all, Sorghum showed 15 paralogous duplications, out of which 9 were found regional duplications and 6 segmental duplications. While chromosomes 1 and 3 showed 3 regional duplications each, chromosome 4 showed 2, and chromosome 10 only 1 (Figs. 1, 4a and Table 2 ). A total of 19 sequences from Arabidopsis, 39 from Oryza, and 47 from Sorghum were used in the construction of phylogenetic tree and to analyse the evolutionary relationships of sHsp20 genes in Sorghum, Arabidopsis, and rice which resulted into 2 clades and 13 subclades. Sorghum sHsp20 genes exhibited a total of 20 orthologous relationships with Oryza, while no orthology was noticed between Sorghum and Arabidopsis. Only 1 event between Oryza (Os05g42120) and Arabidopsis (At5g54660) was observed ( Fig. 4b and Table S7 ), inferring Oryza as the common ancestor. Majority of the Arabidopsis sHSPs showed independent branches, but few of them like At1G54050, At5G3670, At4G10250, At4G21870 and At4G27670 were clustered with Oryza, and Sorghum indicating the differentiation and divergence of sHSPs from the common ancestor. 
Calculation of synonymous and non-synonymous substitution rates (dN/dS) of SbsHsps
The non-synonymous substitution (d N ) to synonymous (d S ) ratios of paralogous and orthologous gene-pairs were estimated to find out the Darwinian selection in duplication events. Among the 15 paralogs, only 7 events showed dN/dS ratios below 1, implying purifying/stabilizing selection, while 8 indicates a positive/Darwinian selection ( Table 2 ). Out of 20 orthologous events, 4 events exhibited d N /d S ratios less than 1, while the remaining 16 showed d N /d S ratios > 1, following Darwian/positive selection (Table S7 and Fig. 4b ).
Digital gene expression analysis of SbHSP20s in different tissues and developmental stages
In present study, it has been noticed that microarray data were available only for 43 of the 47 SbsHSP genes on SorghumFDB and Genevestigator platform. These 43 SbsHSP genes were further utilized for expression profiling. Expression of these 43 SbsHsp genes in six different tissues such as roots, pith, rind, internode, shoot, and leaf were investigated under abiotic stress conditions (Fig. 5a ). It has been observed that the expression level was higher in the root, shoot, and leaf, indicating that abiotic stresses and/or high metabolic activity generally lead to up-regulation of SbsHsp genes in a tissue-specific manner. As compared with other SbsHsps, 10 members of the SbsHsps such as SbsHsp-03, SbsHsp-07, SbsHsp-11, SbsHsp-12, SbsHsp-22, SbsHsp-23, SbsHsp-24, SbsHsp-29, SbsHsp-35, and SbsHsp-46 were found highly expressed in different tissues (Fig. 5a ). The expression profiles of SbsHsp genes were also analyzed at five different developmental stages (stem elongation, booting, flowering, dough, and seedling) ( Fig. 5b) . Interestingly, SbsHsps genes were found expressed in all developmental stages (either up-regulated or down-regulated) as shown in Fig. 5b . However, the expression of SbsHsp genes in the flowering, dough and booting stages demonstrated a slightly different pattern; genes like SbsHsp-03, SbsHsp-16, and SbsHsp-46 displayed a dominant expression profile compared to other developmental stages. High expression of SbsHsp genes in flowering, dough and booting stages might have been caused by their related cellular deteriorations, leading to substantial metabolic or physiological changes that significantly affect the overall regulation under environmental conditions (Fig. 5b ).
Digital gene expression analysis of SbHSP20s under abiotic stress conditions
Hierarchical clustering based on the above expression analysis of individual SbsHsp genes under different environmental conditions allowed grouping of these 43 SbsHsp genes into two major clusters. One of these clusters contained highly upregulated SbsHsp-04 and SbsHsp-18 genes (only two) under different stress conditions. The remaining SbsHsp genes were classified among other subclusters of the second major cluster (Fig. 5c ). The heat map of different SbsHsp genes showed significantly altered expression (either upregulated or down-regulated) up to 2.5-folds under different abiotic stress conditions (Fig. 5c ). While 12 members of the SbsHsp genes such as SbsHsp-01, SbsHsp-02, SbsHsp-03, SbsHsp-04, SbsHsp-05, SbsHsp-11, SbsHsp-12, SbsHsp-16, SbsHsp-18, SbsHsp-25, SbsHsp-32, and SbsHsp-33 were found upregulated, three SbsHsps (SbsHsp-22, SbsHsp-23, SbsHsp-24) divulged downregulation under salt, cold, and drought stresses (Fig. 5c ). These results are in confirmation of the quantitative real-time expression analysis carried out for a set of SbsHsp genes in the present study.
qRT-PCR expression analysis of SbHsp20 genes
Expressions of selected SbHsp20 genes in root, stem, and leaf tissues of S. bicolor were carried out by qRT-PCR. The results revealed that the expression of majority of the genes at least in one or the other tissues. All the selected genes expressed in root tissues with the exception of SbsHsp-15 and SbsHsp-47. But, the highest expression values were recorded in the leaf tissues. Most of the selected genes showed down-regulation, while some did not exhibit any expression in stems. In roots, the highest expression (1.2-folds) was noted in SbsHsp-02, but in leaves it was SbsHsp-47 (1.13folds) and SbsHsp-15 (1.05-folds). Majority of them displayed a constitutive expression in the root and leaf tissues ( Fig. 6a and Table S8 ). To understand the role of transcript changes in the stress regulatory mechanism, analysis of selected SbsHsp genes in root, stem and leaf tissues under various abiotic stresses like drought, salt, high temperature and cold were carried out (Fig. 6b) . The relative expression of selected SbsHsp genes revealed varied levels in different tissues under diverse stresses. Among the selected SbsHsp genes, SbsHsp-02 was found as the candidate gene with the highest expression values in majority of the tissues under all abiotic stresses tested. All the genes in leaf tissues exhibited constitutive expression under drought stress conditions, except SbsHsp-15, SbsHsp-19 and SbsHsp-47 which evinced down-regulation. In stem and root tissues, SbsHsp-02 and SbsHsp-43 exhibited upregulation under all the stress conditions. The SbsHsp-02 exhibited 56.88folds increase in expression under high temperature stress in root tissues, 39.39-folds under cold stress, 14.42-folds under salt and 12.61-folds under drought stress. On the other hand, SbsHsp-43 displayed moderate expressions. Under salt stress, majority of them were upregulated in leaf. Interestingly, SbsHsp-43 being the candidate gene displayed the highest expression of 145-folds. In stems, SbsHsp-02 gene showed activation, while SbsHsp-46 and SbsHsp-47 exhibited moderate expressions. Majority of the selected genes were induced under high temperature stress, and also recorded high constitutive expression in the leaf in comparison with root and stem tissues. The SbsHsp-30, 35 and 40 displayed significantly higher expression levels in the root tissues under high temperature stress. In stem tissues, under the high temperature stress, 6 of the 15 genes exhibited upregulation. Under cold stress conditions, genes such as SbsHsp-02, 30, 35, 41, 43, 45 and 47 expressed constitutively in all the tissues (Fig. 6b and Table S8 ).
Discussion
In the present study, a total of 47 sHsp genes were identified in S. bicolor. This number appears slightly higher in comparison with the number of sHsp genes identified in other species; 31 in Arabidopsis [15, 29] , 39 in rice [30] , 36 in barley [33] , 35 in pepper [34], 37 in Setaria [35] and 42 in tomato [36] . Even though the molecular chaperone families exhibited the highest diversity, the sHsps shared a conserved ACD structural domain, flanked by a non-conserved N-terminal sequence of variable length with a short conserved C-terminal sequence [18, 61] . The MEME characterization of all the selected SbsHsps exhibited varied ACD sequences. The gene structure and organization play an important role in the evolution and their stress response of multiple gene families [62] . Majority of the sHsp genes have been found intronless, a characteristic feature of Hsps. The results obtained in the present study are consistent with the previous reports indicating that plants retain the more number of intronless genes or with short introns perhaps to adjust themselves to the stress conditions [63] . Generally, the number and lengths of the introns negatively regulate the gene expression [64, 65] . Previous reports suggest that the introns slow down the regulation of stress-responsive genes [66] . Compared to rice [30] and Setaria [35] , the members of Poaceae family, S. bicolor sHsps showed varied molecular weights, isoelectric points, and number of introns. The instability index of the most of the SbsHsp proteins was equal or greater than 40, which is considered as an important feature of stress proteins and thus shed light on the rapid induction of Hsp20 genes [67] . In the present study, the sequence analysis revealed that the sHsps are endowed with high content of glycine, proline and threonine. High content of these amino acids play an important role in the abiotic stress tolerance as pointed out by Chowdhury et al. [68] . Sorghum Hsp20s revealed more GC content than Arabidopsis and rice. High GC base pairs are responsible for higher thermal stability compared to the AT regions. It occurs due to the stronger stacking interaction between GC bases and triple hydrogen bond [69] .
In the present study, the ML phylogenetic tree constructed to know the evolutionary relationship between the Hsp20 genes of Sorghum, Arabidopsis, and rice, resulted into 13 subfamilies, similar to the previous reports [70, 30, 36] . In Arabidopsis, Hsp20 genes were divided into 12 groups (CI -CVII, MI, MII, P, ER, and Px) [15, 70] . In the ML phylogenetic tree of S. bicolor, 47 sHsps are grouped into 10 subclasses distributed into 13 subclades, similar to 42 Hsp20 genes identified in tomato, and grouped into 13 subgroups of the 17 subfamilies [36] . Out of the 10 subgroups, group G is localized in the Golgi. Surprisingly, four novel nucleo-cytoplasmic subfamilies (CVIII, CIX, CX, and CXI) reported in rice [30] are absent in S. bicolor, inferring the divergence of Hsp20 family proteins from their ancestors. In the present investigation, the CIV, and MII subgroups did not exhibit their presence, similar to that of tomato [34, 36] , but in contrast to that of Arabidopsis [15] . In rice, the C-I is reported as the largest subfamily with 7 genes [30] , whereas in the present study, plastid subgroup has been noticed as the largest group with 17 genes localized in the chloroplast, followed by subgroup II with 9 genes localized in the cytoplasm. It is reported that majority of the Hsp20 genes are located in the cytoplasm, also believed to be the site of protein synthesis. This is crucial to interact with denatured proteins so as to prevent aggregation and denaturation of them under stress conditions [31] . Contrary to this notion, the plastid subgroup with the largest number of 17 genes was found localized in the chloroplast of S. bicolor. Chloroplast proteins are also subjected to stress and undergo denaturation, and perhaps to protect such denaturations, such a large number of Hsps are inevitable.
From the evolutionary point of view, no Hsp20 genes were reported in green algae, while only cytosolic sHsps like CI, CII, and P subfamilies were reported in mosses [71, 72] . This infers that evolution of Hsps is of a later origin. The emergence of gene families through gene duplication, gene loss, conversions and recombination events were reported [73, 74] . The evolution of sHsps suggests that their duplications emanated in the formation of groups in higher plants [21] , and such duplication events were described as the key factors ensuing in the evolution of genetic systems and genomes [75] . In the present study, of the 15 identified paralogous events, 9 were regarded as regional duplications and 6 segmental. The results suggest the remarkable contributions of both the regional/tandem and segmental duplications in the expansion of sHsp genes in S. bicolor. Identical results were reported earlier in Oryza, pepper and tomato [30, 34, 36] .
The miRNAs are small RNAs, the endogenous regulators with 21-24 nucleotides. The miRNAs regulate many developmental pro- cesses in plants by negatively regulating the target genes by cleavage of target mRNAs [76, 77] . They target the transcription factors which control developmental processes in Arabidopsis, maize, many woody species and also stress responses [78, 79] . In the present investigation, miR167 was found to be the common miRNA and targets SbHsp20s. In Arabidopsis, miR167 participates in plant development by regulating ARF6 and ARF8 [80] . Interestingly, the SbimiR5565 identified in the present investigation is a novel miRNA present only in S. bicolor, and targets E3 ubiquitin protein ligase, SNARE protein syntaxin, SAM decarboxylase, putative receptor kinases, oxidoreductase and arabinogalactan proteins. While miR164 regulates NAC transcription factors, miR171 targets Scarecrow-like proteins, and participates in diverse developmental and stress-responsive pathways [81] . It is reported that the downstream Hsps are regulated by the activation of Hsfs under heat stress conditions by binding to the HSE elements of the promoters of the Hsp genes. In the present study, promoter analysis of SbHsp20 genes revealed the presence of various cis-elements in them which interact with many functional genes. Several abiotic stress-responsive elements like DRE, DPBF, LTRE, GT1GM, MYB, and MYC were noticed that may participate in diverse stress regulatory mechanisms as also noted by Park et al. [82] and Li et al. [83] . The biotic stress-responsive elements like WBOXNTERF3, WBOXATNPR1, and CGTCA, respond to wounds, pathogens and salicylic acid [84, 85] indicating that SbHsp20 family genes also play a pivotal role in biotic stress tolerance. The promoter analysis of SbHsp20 revealed their participation in plant developmental processes such as pollen architecture [86] , and guard cell movement [87] . Yanagisawa [88] reported that SbHsp20 family proteins along with Dof transcription factors participate in DNA binding and carbon metabolism. They are rich in CACT, a key component of mesophyll expression module, similar to the promoter of phosphoenolpyruvate carboxylase gene [89] . The ARR1 elements regulate the non-symbiotic haemoglobin2 in plants [90] . The SbHsp20 genes have a maximum number of GATA box elements, and molecular light switches play a vital role in the control of light and nitrate-dependent transcription of genes [91] . These results suggest that the expression of SbHsp20 genes are under the complex signal transduction and participate in diverse cellular functions by playing a key role in plant development as well as stress tolerance.
The diverse tissue specific expression of SbHsp20 genes observed in the present study is similar to several other studies reported earlier in Arabidopsis, rice, tomato, pepper, and soybean [21, 31] . The SbHsp20 genes displayed both up-and/or down-regulations in root, stem, and leaf tissues, similar to the earlier reports in tomato and pepper [34, 36] . He and Yang [92] pointed out that generally sHsps were absent in vegetative tissues but their expressions were observed during developmental stages. This infers their role in plant developmental processes and they may act as house-keeping genes [93, 31] . Most of the genes were down-regulated in stems, but recorded an upregulation under stress conditions, inferring their crucial role in stress-tolerance mechanisms. Thus, the sHsp20 family is not only involved in the plant developmental processes but also in environmental stress tolerance [94] . In the present investigation, majority of the SbHsp20 genes exhibited upregulation in roots and leaves under heat stress, while they showed negative expression in stems, indicating their role in thermotolerance, with functional redundancy [95, 21] . In the present investigation, expression analysis of SbsHsp-02 gene, localized in the cytoplasm has been found upregulated under diverse stresses supporting the earlier view of Lopes-Caitar et al. [31] . Next to SbsHsp-02 the sHsp-43, 45, 46, and 47 were found highly expressed under diverse abiotic stress conditions. Thus, these genes appear as potential candidates in S. bicolor for imparting tolerance to multiple abiotic stresses. Several in vivo studies demonstrate the multiple stress tolerance nature of sHsps; for example, expression of mitochondrial sHsp in tobacco showed higher thermotolerance [96] , and transgenic Arabidopsis lines overexpressing Hsp26 exhibited tolerance against heat stress [97] . The RcHSP17.8, PtHSP17.8, and ZmHSP16.9C displayed tolerance against several abiotic stresses [21, 98, 99] , indicating their multifaceted nature and important implications in stress tolerance mechanisms.
Conclusions
Genome-wide screening of S. bicolor genome for the identification of SbsHsps or SbHsp20 revealed the presence of 47 genes. The detailed analysis disclosed their structural organization, subcellular localizations, physico-chemical properties, cis-elements, phylogenetic and evolutionary relations, and expressions under diverse abiotic stress conditions in different tissues. The analysis further revealed a large sub-family of subgroup with 17 genes localized in the chloroplast for the first time reported in S. bicolor. Expression analysis indicated their role not only in plant development but also in stress tolerance. This study lays a foundation for functional characterization of Hsp20s, and help to understand the mechanisms of abiotic stress tolerance under diverse stress conditions. 
